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METHOD FOR DETERMINING THE drift is observed . The coupled small particle has a reduced 
PRESENCE OF AN ANALYTE BY MEANS OF asynchronous rotation frequency with respect to the free 

SMALL MAGNETIC PARTICLES , AND small particle for example owing to its size increase . US 
CORRESPONDING DEVICE 2008 / 0220411 A1 furthermore teaches the optical measure 

5 ment of the rotation frequency of the small particles by 
The invention relates to a new method for determining the observing them directly . For example , to this end , merely a 

presence of an analyte using a distribution of small magnetic hemisphere of the small particles is appropriately coated 
such that the rotation frequency can be observed directly particles . Furthermore , the invention relates to an apparatus from the change of the two hemispheres . that is suitable to carry out this method . is 10 Disadvantageously , the method according to the prior art A method of the type mentioned in the introduction is 10 is limited to observing a macroscopic rotation of the bound known from US 2008 / 0220411 A1 . Here , asynchronous 

rotation of the magnetization of a correspondingly prepared small magnetic particle . Optical measurement is complex 
and prone to errors . small magnetic particle in a rotating external magnetic field It is an object of the invention to specify a method for is used to determine the presence of an analyte , for example 15 ascertaining the presence of an analyte using small magnetic of a bacterium , a virus , a biological cell , a protein or a particles , with which additional uses with respect to the prior nucleic acid . The disclosed method is based on the fact that art can be developed . It is a further object of the invention the rotation of the small magnetic particles or their magne to specify an apparatus suitable for carrying out this method . tization in an external rotating magnetic field decays in The object with respect to the method is achieved , accord dependence on field strength and rotation frequency , into a 20 ing to the invention , in that firstly , the magnetizations of the region of synchronous rotation and into a region of asyn small particles are aligned with one another using an exter chronous rotation . nal magnetic focusing field , after the focusing field has been In the case of a mechanically rotating small particle , this switched off , the magnetizations of the small particles are set behavior is due to friction terms with respect to the envi into a rotation which is asynchronous with the magnetic field ronment . If the magnetization rotates in the crystal lattice of 25 using an external magnetic field of suitable field strength and the small particle , other , internal friction terms are respon rotation frequency that rotates about a longitudinal axis , sible . If the torque transferred from the external magnetic subsequently the temporal profile of the superposed trans field is too low with respect to the friction terms , the verse magnetization of the particle ensemble is detected , and magnetization or the small particle drags relative to the conclusions relating to the presence of the analyte are drawn 

ro rotation of the magnetic field because it wishes to tarry with 30 from the detected temporal profile of the transverse magne respect to the environment . The result is a non - linear fluc tization . tuation in the rotation of the magnetization relative to the Here , in a first step , the invention proceeds from the rotation of the magnetic field . On average , a measurable assumption of no longer detecting the asynchronous rotation rotation drift results . 
According to US 2008 / 0220411 A1 , the magnetization of of the small particles by optical means but using the super 

a small particle rotates in dependence on the field strength of # 35 posed transverse magnetization of the particle ensemble . In 
an external rotating magnetic field , the magnetizations of the the external magnetic field synchronously with the rotation small particles are macroscopically aligned and rotate about of the magnetic field on average up to a critical frequency the rotational axis of the magnetic field . The superposed 22 . . If the rotation frequency of the magnetic field exceeds transverse magnetization rotates in a projection into a plane the critical rotation frequency 2 , the magnetization of the 40 perpendicular to the rotational axis . If the magnetizations of small particle rotates asynchronously at a reduced average the small particles rotate in phase , the result is a maximum rotation frequency . This average , asynchronous rotation of superposed transverse magnetization that rotates at the rota the magnetization can be observed as a frequency term of the tion frequency of the small particles . If the magnetizations magnetization . A lower critical average rotation frequency 

2 . occurs at a smaller field strength than at a higher field of the small particles go out of phase , the observed trans 
45 verse magnetization disappears with a characteristic decay strength . The relationship between critical average rotation period . If the magnetizations of the small particles are frequency 2 , and field strength B of the external magnetic randomly aligned , the superposed transverse magnetization field is given by : is no longer observable . On average , all magnetizations of 

the small particles then cancel each other out . 
50 If the rotating external magnetic field is chosen such that 

the magnetizations of the small particles rotate asynchro 
nously , the measurement frequency , i . e . the rotation fre 
quency of the superposed transverse magnetization , is sepa 

Here , m is the magnetic moment of the small particle . The rate from the excitation frequency , i . e . the rotation frequency 
term y describes a friction term which , in the case of a 55 of the external field . The excitation signal does not crosstalk 
mechanical rotation of the small particle , includes the vis - to the measurement signal . The sensitivity of the measure 
cosity of the environment and a shape factor of the small ment is thus significantly improved . No complicated meth 
particle . In the case of a rotation of the magnetization in the ods for separating the excitation signal from the measure 
crystal lattice of the small particle , the friction term y is to ment signal are necessary . A simple band - pass filter or low 
be ascertained empirically . 60 pass filter suffices for effective separation . 

US 2008 / 0220411 A1 takes account of the fact that the In a second step , the invention proceeds from the finding 
non - linear rotation drift in the case of asynchronous rotation that a defined initial state of the observed system needs to be 
of the small particle changes in dependence on their binding established in order to observe the superposed transverse 
or coupling state . If a small magnetic particle is prepared , for magnetization . This initial state must differ at least from a 
example , on its surface such that it binds to an analyte of 65 state of the system in which the magnetic moments of the 
interest , it is possible to draw conclusions relating to the small particles have a random distribution . Accordingly , a 
presence of the analyte if a change in the non - linear rotation defined disturbance must be introduced into the system such 

B Ne = 
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puis 

that the magnetizations of the small particles add up at least it is to this extent possible again directly to draw conclusions 
to an observable superposed transverse magnetization . To relating to the presence of an analyte . 
this end , an external magnetic focusing field is produced in If , in the presence of the analyte , the small particles 
a preparation step at the beginning of each measurement , as cluster together , this , too , can be observed via the decrease 
a result of which at least part of the magnetizations of the 5 in the superposed transverse magnetization . This is because 
small particles are aligned with respect to one another . If a in this case the macroscopic magnetization , which is pro 
rotating external magnetic field with the appropriate strength duced using the focusing field after the preparation of the 
and frequency is switched on after the focusing field has sample , decays remarkably quickly when the external rotat 
been switched off , the aligned magnetizations or magnetic ing magnetic field is applied because of the given mechani 
moments of the small particles first rotate in phase starting 10 cal and magnetic couplings of the individual particles in the 
from the defined start state , such that a superposed trans cluster . This decay can be observed immediately when the 

rotating external magnetic field is switched on by way of a verse magnetization can be observed . pulse - type profile of the superposed transverse magnetiza In the simplest case , the frequency components of the tion . superposed transverse magnetization of the particle 15 By calibrating the recorded measurement curves of the 
ensemble are detected . Said frequency components in par transverse magnetization , it even becomes possible for fur 
ticular correspond to the rotation frequencies of the magne - ther information relating to the analyte to be obtained . 
tizations of the small particles . If the magnetizations of the Examples of such information are the concentration or the 
small particles all rotate in phase , the rotation frequency of type of the analyte . 
the superposed transverse magnetization corresponds to the 20 The small magnetic particles used are ferromagnetic or 
average rotation frequency of the magnetizations of the superparamagnetic particles , which have as great a magnetic 
small particles . Owing to field inhomogeneities , dispersion moment as possible relative to their volume . Such particles 
of the particle characteristics and differences in the particu - can for example be composed of iron oxide , but can also 
lar chemical environment , the magnetizations of the small include for example cobalt , nickel or gadolinium . Suitable 
particles exhibit a different asynchronous rotation drift , 25 for use in biology and medicine are in particular magnetic 
which results in increased dephasing . Different frequency nanoparticles with particle diameters between 20 and 200 
components are detectable in the superposed transverse nm . The greater the ratio between magnetic moment and 
magnetization . volume , the greater the rotation drift relative to the external 

By analyzing the frequency components of the transverse magnetic field in the case of asynchronous rotation . 
magnetization , it becomes possible to draw conclusions 30 The longitudinal axis or rotational axis , about which the 
relating to the presence of an analyte . If , for example , a external magnetic field rotates , does not necessarily have to 
prepared small particle couples as a probe to the analyte , or be fixed in space for the purpose of the invention . Rather , the 
if the analyte binds to the surface of the small particle via rotational axis of the magnetic field can also vary in terms 
receptors , with the size and shape of the bound small particle of space , which is likewise included in the claimed subject 
its asynchronous rotation drift changes as well . Using an 35 matter . 
analysis of the frequency components of the superposed In order to increase the compatibility of the small particles 
transverse magnetization it becomes possible to draw con - in medical engineering , the particle surface is provided with 
clusions relating to the presence of the analyte . a coating . The coating can , for example , be composed of 

Furthermore , it is possible using the analysis of the dextran molecules . For use of the small particles as probes , 
frequency components of the transverse magnetization to 40 various functional groups are added to the particle surface . 
draw conclusions relating to the physical and / or chemical Said functional groups bind specifically to the analyte , such 
environmental parameters of the analyte . In particular , for that the analysis can be matched especially to a particular 
example , changes in the pH , the temperature or the viscosity analyte . 
of the environment of the analyte lead to changes in the Acting as the target substance or analyte are for example 
frequency components of the detected signal . 45 receptors of macrophages , biomolecules or cells , also 
On the other hand it is also possible to observe the change viruses , bacteria , molecules , macromolecules , antigens or 

in magnitude of the transverse magnetization as a temporal antibodies . If the analyte binds to the functionalized surface 
profile of the transverse magnetization . This is because the of the small magnetic particles , the mechanical rotation in 
transverse magnetization , which is at a maximum initially the external rotating magnetic field is relatively weakly 
when the magnetizations of the small particles are rotating 50 damped . If the analyte to be observed has two or more 
in phase , decays not only owing to the described field bonds , aggregates are formed from the small particles , 
inhomogeneities and the existing dispersion of the particle which results in a relatively strong impairment of the 
characteristics , but in particular also owing to diffusion and mechanical rotation . If the analyte also binds to small 
friction terms . In what is referred to as Brownian relaxation , non - magnetic particles , the resulting aggregates change their 
the small magnetic particles rotate mechanically . The relax - 55 hydrodynamic volume . The magnetic moment of the indi 
ation is here dependent upon the size of the small particle vidual particle , however , persists . As a result , the impair 
and substantially on the viscosity of the surrounding ment of the mechanical particle rotation is further increased . 
medium . In the case of Néel relaxation , the magnetization of If binding groups on cell walls or on objects that are 
the small particles rotates in the crystal lattice . The relax - considerably larger than the binding small particle is the aim 
ation is here dependent upon internal , empirically ascer - 60 of the analysis , the mechanical rotation in the asynchronous 
tained friction terms . If a small particle couples to an domain is effectively slowed or impaired . If appropriate , it 
analyte , the observable relaxation time changes as a result is then possible to observe a rotation of the magnetization in 
For small particles with particle diameters in the range of a the crystal lattice . 
few 100 nm , the rule of thumb is that free small particles In a particularly advantageous embodiment , the described 
show a faster relaxation of the superposed magnetization 65 method is used to carry out a biopsy on a physiological or 
than bound or coupled small particles . By observing the pathological tissue or an examination of blood or other body 
decay behavior of the superposed transverse magnetization , fluids taken . Used here are small magnetic particles with a 
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prepared particle surface which bind to receptors of patho - rotational plane of the magnetic field such that the dephasing 
logical cells or pathogens . In a target volume of only a few caused thereby cannot be reversed even using echo methods . 
ul , it is possible to analyze in particular directly a biopsy The rotating magnetic field can be generated for example 
needle with a diameter of less than 1 mm or a small liquid with a number of windings or coil arrangements , which can 
sample . The method allows for a quick and simple check as 5 be supplied with current individually and are arranged in the 
to whether the sample taken is pathological . In this way , circumferential direction . Here , the rotation field can be 
diseases such as tuberculosis can be easily and quickly generated in particular in a single - phase or multi - phase 
detected via the binding of the particles to the Mycobacte manner . In a cost - effective variant which is simple in terms 
rium tuberculosis in a sample of the expectoration of the of construction , the rotating magnetic field is generated 

10 using two coil pairs , in particular Helmholtz coil pairs , patient . which are mutually perpendicular . By way of alternatingly In a preferred embodiment , the temporal profile of the supplying the coil pairs with current , the rotating magnetic transverse magnetization is detected only with a delay time field is generated . The rotation frequency is controlled by after the focusing field is switched off . This takes into timing the supply of current . The current flowing through the 
account the fact that in the case of the small particles that are 15 coils controls the strength of the rotating magnetic field . 
relevant here , the macroscopic magnetization of an In a further advantageous variant , the two coil pairs are 
ensemble of aligned free small particles relaxes more driven using time - varying phase differences . This can be 
quickly than the macroscopic magnetization of an ensemble done using differing frequencies and / or differing phases . 
of aligned bound small particles . If a delay time is intro With such driving it is possible , from a temporal perspective , 
duced between the preparation of the sample and the reading 20 for the field of one coil pair to repeatedly overtake the other 
external rotating magnetic field , the free small particles can field such that the direction of rotation of the generated 
be separated from the measurement signal . If the rotating rotating magnetic field reverses as a result of a beat fre 
external magnetic field is switched on after a delay time that quency of the two frequencies used . With such driving it is 
is greater than the relaxation time of the magnetization of the possible to relatively easily effect a periodically repeating 
free small particles , only the magnetizations of the bound 25 reversal in the direction of rotation of the rotating magnetic 
small particles still contribute to the superposed transverse field , such that the superposed transverse magnetization is 
magnetization . The magnetizations of the free small par - recorded according to the echo method . 
ticles at the time of the measurement are randomly distrib - The focusing field can be produced by switching on a 
uted , such that their superposed transverse magnetization corresponding magnetic field generator . Since a sharp rect 
adds up to zero . The selectivity and the sensitivity of the 30 angular pulse in the frequency space generates an undesired 
measurement method are hereby improved . amount of side bands ( the higher - order harmonics ) , the 

The temporal profile of the transverse magnetization is focusing field is preferably switched on and off using a 
expediently detected only after a dead time after the focus - Gaussian pulse or using a sinc pulse or using a linear 
ing field has been switched off . In this manner , the strong combination of Gaussian and / or sinc pulses . Since the 
excitation signal of the focusing field is prevented by 35 frequency components of a Gaussian pulse are distributed 
metrological means from being inductively included in the only around the central frequency , it is possible for the 
measurement signal . If the measurement of the superposed excitation signal to be separated from the measurement 
transverse magnetization is carried out in particular induc - signal by a low pass . A sinc pulse , that is to say a pulse of 
tively , the measurement coil is ideally short - circuited or the function sin ( t ) / t , constitutes the Fourier transform of a 
disconnected during the dead time , in order to suppress long 40 rectangular pulse . To this extent , a sinc pulse has a signifi 
post - pulse oscillation of the focusing pulse in the low pass . cantly more sharply delimited bandwidth in the frequency 

In a more advantageous embodiment , the time derivation space than the Gaussian pulse . Continuous bandwidth - lim 
is formed from the profile of the transverse magnetization , ited signals can be represented in particular as a linear 
and from the derivation conclusions relating to the presence combination of sinc pulses . 
of the analyte are drawn . As a result , changes in the 45 A directed focusing field results in an alignment of the 
transverse magnetization over time are more easily apparent . magnetizations of the small particles and thus to an aligned 
In particular , in the case of inductive measurement record - macroscopic magnetization . To generate such a focusing 
ing , a time derivation of the transverse magnetization results field , preferably the magnetic field generator which is also 
on account of the measurement method . used for generating the external rotating magnetic field can 
More advantageously , the direction of rotation of the 50 be used . For example , to this end , only one coil pair or one 

rotating magnetic field is reversed with an echo frequency . coil of the coil arrangements used is correspondingly driven . 
Analogously to the spin echo from magnetic resonance In another variant , the focusing field is generated by the 
imaging , it is possible by reversing the direction of the rotating magnetic field itself . Here , in particular the switch 
external rotating magnetic field to reverse the dephasing of ing on of the rotating magnetic field suffices in order to attain 
the asynchronously rotating small particles . After the direc - 55 a measurable disturbance of the randomly aligned magne 
tion of rotation is reversed , at least part of the magnetiza - tizations of the small particles . Advantageously , the focusing 
tions of the small particles are once again in phase , as field is generated by increasing the field strength of the 
evidenced by an increase of the signal of the superposed rotating magnetic field . By increasing the field strength , the 
transverse magnetization . The use of the echo method magnetizations of the small particles are forced into a 
results , on account of the repeated signal recording , to an 60 synchronous rotation with the external magnetic field . All 
improved signal - to - noise ratio . In the time domain , a wider magnetizations of the small particles then rotate in phase 
measurement signal is recorded , such that the bandwidth of with the frequency of the rotation field . By subsequently 
the signal in the frequency space is reduced and thus lowering the field strength to the region of the asynchronous 
metrologically optimized . It is furthermore possible to draw non - linear rotation , the prepared sample is then read . 
conclusions relating to the structure of the formed bound 65 Although the provision of a focusing field is also possible by 
particles using observation of the decay rate of the echo lowering the rotation frequency of the external rotating 
signals . For example , anisotropic particles rotate out of the magnetic field , the distance between the excitation fre 
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quency and the measurement frequency is in this way a gradient field switched on for a predetermined time 
reduced in a metrologically undesired manner . interval . As long as the magnetic gradient field is switched 

In a further advantageous embodiment , the refocusing on , the individual small magnetic particles rotate in a space 
field is generated such that only the magnetizations of small dependent manner with in each case different asynchronous 
particles of identical rotation characteristics are selectively 5 rotation frequencies , as a result of which a space - dependent 
set into a synchronous rotation . Here , use is made of the fact phase position is produced after switching off . The gradient 
that the described critical frequency 2 , which describes the field is used before the actual measurement for spatial transition between synchronous and asynchronous rotation , encoding via the establishing phase position . In an embodi is also dependent on the volume or the shape of the small ment which is expedient for this , after the magnetic gradient particles . This dependence results in the measurement signal 10 field is switched off , a second identical magnetic gradient of the detected superposed transverse magnetization to field with the opposite sign is produced with the same time worsen with increasing bandwidth of the small particle interval . This method makes it possible to carry out a variation . If , on the other hand , the refocusing pulse is 
generated such that only small particles of identical rotation measurement of flow profiles or vessel structures . 
characteristics are set into a synchronous rotation , only these 15 Here , for a predetermined time duration , first a magnetic 
contribute to the superposed transverse magnetization . The gradient is applied in a predetermined spatial direction in 
magnetizations of the other small particles are , however , which the flow is meant to be measured . Subsequently , for 
randomly aligned . Overall , it is possible in this manner to the same time period , the same gradient with the same 
obtain an improvement of the detected measurement signal gradient strength but with the opposite sign is applied . 
without having to reduce the bandwidth of the sizes of the 20 Subsequently , the frequency distribution of the transverse 
small particles used , which is likewise associated with high magnetization is detected . The first two steps have the effect 
costs . that unmoving small particles experience no phase change , 

In particles with Néel relaxation , the size is effectively the because the second step quasi completely reverses the first 
decisive selection criterion . Generally , the ratio of magnetic step for resting particles . Particles moving in the direction of 
moment of the particle and its friction term is decisive . In the 25 the gradient , however , experience a phase change which is 
case of massive particles with a magnetization that is fixed proportional to the traveled distance . The phase change is 
in the lattice , the friction term is independent of the size , and thus a measure of the flow speed . It is possible in particular only depends on the shape factor . By suitably selecting the only depends on the shape factor . By suitably selecting the to derive the average flow rate . It is possible using this field strength and / or the rotation frequency of the refocusing measure for example to monitor the flow rate of the inves field , particles of identical rotation characteristics , i . e . par - 30 SU tigated medium . ticles with the same rotation drift at the same field strength In order to be able to carry out flow measurement also and the same rotation frequency , are thus selected . with particles with great dispersion of rotation characteris Such selective refocusing can be achieved for example by tics , a combination with a 180° spin flip is advantageous . a rotating magnetic field whose axis of rotation extends 
along a trajectory . In this case , there is refocusing only for 35 After the refocusing pulse , an echo signal is produced , 
very particular particles with an integer division ratio of which occurs in the case of a resting particle at exactly twice 
their rotation frequency . This is because only those particles the time between refocusing pulse and reversal of direction 
which have 1 / n times the rotation frequency with respect to of rotation , as a result of the reversal of direction of rotation 
the rotation of the refocusing field ( n : integer ) go back into of the rotating magnetic field . The small particles , which 
their initial position once the use of the 3D rotation field is 40 meanwhile have gone out of phase owing to the particle 
complete . In this manner , it is possible to achieve highly characteristics , rotate in phase again after the reversal of 
selective refocusing pulses . The signal selection takes place direction of rotation , which results in an echo signal of the 
using a suitable low pass or band pass filter . superposed transverse magnetization which has increased 
By way of a comparison measurement with a defined again in terms of intensity . When the small particle or the 

sample , it becomes possible to draw conclusions relating to 45 particle ensemble moves in the direction of the gradient , this 
the concentration of the analyte on the basis of the detected echo signal is offset proportional to the speed , wherein any 
temporal profile of the transverse magnetization . In prin - influence owing to the particle scattering is neutralized . 
ciple , the magnitude of the transverse magnetization With respect to the apparatus , the object is achieved 
increases with the number of the coupled small particles in according to the invention by an apparatus for determining 
relation to their overall number . 50 the presence of an analyte using small magnetic particles , 

In a preferred embodiment , the focusing field is generated which apparatus comprises a first magnetic field generator 
between 10 ns and 10 ms with field strengths between 0 . 1 for generating a magnetic focusing field , a second magnetic 
mT and 1 T in order to achieve alignment or rotation of the field generator for generating a magnetic field which rotates 
macroscopic magnetization or of the superposed transverse about a longitudinal axis , a measurement device for detect 
magnetization . Here , the longer pulse duration applies to the 55 ing the temporal profile of the superposed transverse mag 
weaker field and the shorter pulse duration to the stronger netization , and a control apparatus . The control apparatus is 
field . Both variants have different requirements for the signal adapted for driving the magnetic field generators according 
chain . For sample sizes of a few it and switching - on times to the abovementioned method and for outputting the tem 
of a few us , fields of 1 T are also relatively easily manage - poral profile of the transverse magnetization or a variable 
able . For an asynchronous non - linear rotation of the pref - 60 derived herefrom for determining the presence of the ana 
erably used nanoparticles , the rotating magnetic field advan - lyte . 
tageously has field strengths between 0 . 1 mT and 100 m . Preferably , the measurement device comprises a number 
and frequencies of 100 Hz to 100 MHz . The high frequen of induction coils which are aligned with their axes of 
cies are particularly suitable for small sample sizes because symmetry perpendicular to the longitudinal axis . The induc 
no physiological limit values must be observed . 65 tion coils can be configured in particular as solenoid coils 

In a more preferred embodiment , a space - dependent having a plurality of parallel windings . Via the induction 
phase position is impressed on the particle ensemble using coils , the temporal profile of the superposed transverse 
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magnetization is directly detected as a measurement signal . FIG . 5 shows the profile of the superposed transverse 
The induction voltage here gives the temporal change of the magnetization for free and for bound small particles . 
transverse magnetization . FIG . 1 shows schematically an apparatus 1 for determin 
More preferably , the control apparatus is adapted for ing the presence of an analyte using an ensemble of small 

switching the first magnetic field generator on and off in the 5 magnetic particles . In a measurement volume 2 , here the 
manner of pulses , and for switching on the second magnetic superposed transverse magnetization of an ensemble of 
field generator only after a delay time after the first magnetic small magnetic particles in a sample 3 is observed . The 
field generator has been switched off . Firstly , the delay time sample 3 is here , for example , a biopsy needle with a tissue 
prevents crosstalk of the excitation signal to the measure sample . The added small magnetic particles have a func 
ment signal . Secondly , this delay time is used to separate 10 tionalized surface which couples to receptors of pathological 
free unbound small particles for the measurement signal on cells . 
account of the shorter relaxation time of the superposed To generate an external magnetic field rotating about the 
transverse magnetization . longitudinal axis z , a first Helmholtz coil pair 5a , 5b and a 

If the control apparatus is adapted for switching on the second Helmholtz coil pair 60 , 6b are provided . The two 
measurement apparatus only after a dead time after the 15 Helmholtz coil pairs 5a , b and 6a , b are here arranged 
focusing field has been switched off , it is additionally orthogonally with respect to one another . The magnetic field 
prevented that on account of induction the excitation signal rotating about the longitudinal axis z comes about owing to 
crosstalks to the measurement signal . To this end , preferably the alternating supply of current to the two Helmholtz coil 
a switch element can be provided , which disconnects or pairs 5a , b and 6a , b . 
short - circuits the measurement device during the dead time . 20 Two induction coils 9a and 9b are arranged laterally next 
If the receiver is not disconnected before a low pass , a to the measurement volume 2 as a measurement device 8 for 
rectangular impulse results in post - pulse oscillation of the detecting the temporal profile of the superposed transverse 
low pass , as a result of which a long delay time results . magnetization . The axis of symmetry of the two induction 

In a preferred alternative , the first and second magnetic coils 9a , b is perpendicular to the longitudinal axis z . 
field generators are combined into one generator . Here , this 25 A control apparatus 10 is provided for controlling the 
generator comprises more advantageously two pairs of coils Helmholtz coil pairs 5a , b and 6a , b and for reading the 
which are arranged perpendicular with respect to each other , measurement device 8 . 
in particular Helmholtz coils . By separately driving a pair of Furthermore , along the sample direction y , a number of 
the coils , it becomes possible to generate the directed coil pairs P1 to P4 are arranged . These coil pairs P1 to P4 can 
focusing field . Alternatively it is also possible for the focus - 30 be used for generating a focusing field . In particular , it is 
ing field to be generated by switching on or by increasing the possible , using separate driving of the four coil pairs P1 to 
field strength of the rotating magnetic field . Here , the coil P4 for a gradient field and in particular a gradient field 
pairs are switched on or supplied with a correspondingly migrating in the y direction to be produced . Such a gradient 
higher current . field and in particular such a migrating gradient field serves 

To separate the rotation frequency of the rotating mag - 35 for a specific preparation of the sample , to be precise in 
netic field from the frequency of the transverse magnetiza particular impressing a space - dependent phase profile of the 
tion , further preferably a low pass filter or a bandpass filter rotating magnetizations of the small particles , as is neces 
is provided . sary for an imaging method . For purely detecting the pres 

In order to suppress induction voltages or currents , gen - ence of an analyte , the coil pairs P1 to P4 are not necessary . 
erated by the external magnetic field , in the measurement 40 For detecting an analyte , for example a pathological cell 
signal , the input signal of the second magnetic field genera - or the like , current is supplied in a pulsed manner using the 
tor is preferably coupled in anti - phase with the output signal control apparatus 10 initially to the Helmholtz coil pair 5a , 
of the measurement device , in particular with the coil output 5b , such that a directed magnetic focusing field prevails at 
signal . This coupling can take place for example inductively the measurement volume 2 for a short time interval . The 
using a transformer or the like . 45 focusing field is here directed in a direction parallel to the 

Preferably , an active counter - coupling is also used to main axis of symmetry of the Helmholtz coil pair 5a , 5b . 
improve the measurement method . Here , the disturbance Supplying current to the Helmholtz coil pair 5a , 5b is here 
components in the receiving chain in a calibration measure - selected such that the field strength of the magnetic focusing 
ment are detected . These disturbance components are then field aligns the magnetizations of the small magnetic par 
directly coupled into the receiving chain with the opposite 50 ticles for a macroscopic magnetization . In order to suppress 
sign in the actual measurement . To this end , advantageously undesired frequency components in the measurement signal , 
a transformer or generally an RF transmitter is provided . The the Helmholtz coil pair 5a , 5b is supplied with current such 
coupling - in signal is generated in particular using a digital that a sinc - pulse - shaped magnetic field is produced as the 
to - analog converter . focusing field . 

Exemplary embodiments of the invention are explained in 55 After a delay time , the control apparatus 10 provides 
further detail with reference to a drawing , in which : currents to both Helmholtz coil pairs 5a , b and 6a , b in 

FIG . 1 schematically shows the construction of an appa alternation such that an external magnetic field rotating 
ratus for detecting an analyte using an ensemble of small about the longitudinal axis z is generated in the measure 
magnetic particles , ment volume 2 . The field strength and the rotation frequency 

FIG . 2 shows the decay behavior of the superposed 60 of this magnetic field are selected such that the magnetiza 
transverse magnetization for two exemplary cases . tions of the small magnetic particles rotate asynchronously . 

FIG . 3 shows the temporal profile of the superposed The delay time between the application of the focusing field 
transverse magnetization of the exemplary cases according and the application of the rotating magnetic field is set such 
to FIG . 2 with echo generation , that the macroscopic magnetization of the free small par 

FIG . 4 shows the field profile of the preparing and 65 ticles on account of diffusion effects etc . is already decayed 
measuring magnetic fields together with a measurement when the rotating magnetic field is switched on . Since the 
signal of the superposed transverse magnetization and decay of the macroscopic magnetization of the bound small 
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particles is slower , at least a residual amount of the mag - magnetizations of the small particles and thus to a quicker 
netization of the bound small particles is still present at the decay of the superposed transverse magnetization . 
time of the switching - on of the rotating magnetic field . FIG . 3 shows the profile of the superposed transverse 

After the rotating magnetic field is switched on , the magnetizations 20 or 22 according to FIG . 2 , wherein , 
magnetizations of the bound small particles begin to rotate 5 however , at the time 24 , the rotation direction of the external 
asynchronously such that using the two induction coils 9a , b rotating magnetic field is reversed . FIG . 3 thus shows the 
the temporal profile of the superposed transverse magneti - carrying out of an echo method . By reversing the rotation carrying out 
zation in the x , y plane can be observed . If the specific direction of the external rotating magnetic field , dephasing 

of the magnetization of small particles can be partially analyte is not present in the sample , no signal is generated 
by the application of the reading rotating magnetic field . If If 10 reversed . At a specific time point after the reversal of 

direction of rotation 24 , a particular component of the the analyte is present , this results in the formation of bound magnetization of the small particles rotates in phase again . small magnetic particles . When the readout field is switched The observable measurement signal of the superposed trans on , a superposed transverse magnetization is detectable as a verse magnetization increases again . 
measurement value . Said superposed transverse magnetiza - 15 In particular , the more quickly decaying transverse mag 
tion is detected using the induction coils 9a , b as a time netization of the second particle ensemble can be evaluated 
varying measurement signal , because the superposed trans much more precisely and with fewer measurement errors by 
verse magnetization rotates with a central asynchronous using the echo method . The echo method provides tempo 
rotation frequency in the x , y plane . The presence of a rally a wider measurement signal , which in the frequency 
measurement signal to this extent shows the presence of the 20 space leads to a narrower bandwidth . 
analyte directly . In particular provided is a quick and mean FIG . 4 shows , in the top half of the image , the profile of 
ingful method for determining for example whether a tissue the magnetic fields for preparing and for reading a sample . 
taken is pathological . The bottom half of the image shows the temporal profile of 

The described measurement method with the apparatus 1 the observed superposed transverse magnetization 25 . The 
shown in FIG . 1 is characterized in that the Helmholtz coil 25 echo method is carried out . 
pair 5a , b is used as a first magnetic field generator MFI . The For the sake of comprehending FIG . 4 , reference can be 
Helmholtz coil pairs 5a , b and 6a , b are used as the reading made to the apparatus 1 according to FIG . 1 , which is 
magnetic field generator MFII . With appropriate provision suitable for carrying out the measurement method shown . As 
of current , the desired rotating external magnetic field a sample , magnetic iron particles of a size of about 100 nm 
results . Alternatively to the Helmholtz coil pair 5a , b , it is 30 in water are investigated , which have a tendency to forming 
possible to use the sequence of the coil pairs P1 to P4 as a iron clusters with a size of about 100 um . 
first magnetic field generator MFIII . The number of coil At the time t? , the Helmholtz coil pair 5a , b according to 
pairs is here arbitrary . FIG . 1 is supplied with current in a pulsed manner . The 

In order to short - circuit or disconnect the measurement result is a directed pulsed magnetic field with which the 
coils 9a , b , a corresponding switch element 11 which is 35 magnetizations of the iron particles are aligned . The directed 
actuatable by the control apparatus 10 is provided . The magnetic field generated in a pulsed manner has approxi 
separation of the excitation signal from the measurement mately a full width at half maximum of 20 us . A structure of 
signal is carried out by a low pass filter 12 . the magnetic field pulse is not discernible in the figure . 

FIG . 2 shows , for explanation reasons , the temporal Up to the time to , the induction coils 9a , b remain short 
profile of a superposed transverse magnetization 20 of a 40 circuited . At time t , the induction coils 9a , b are activated . 
simulated first ensemble of small magnetic particles . In this This measure ensures that no excitation signal can induc 
simulation , diffusion effects , which result in a loss of coher - tively pass into the measurement signal . The switch - off 
ence of the individual asynchronously rotating magnetiza - duration of the short - circuit of the induction coils causes a 
tions of the small particles , are taken into account . After delay of their full reception readiness up to the time tz . 
preparing the sample using a magnetic focusing field of 45 At time t4 , that is to say after a delay time after the 
suitable strength , when an external rotating magnetic field of switching - off of the focusing field , the Helmholtz coil pairs 
corresponding field strength and rotation frequency is 5a , b and ba , b are in each case supplied with current of 
applied , the magnetizations of the small particles begin to different frequencies . For example , one of the two coil pairs 
rotate asynchronously . The central asynchronous rotation 5a , b is switched to a frequency of 50 kHz and the other coil 
frequency observable via the superposed transverse magne - 50 pair 6a , b to a frequency of 58 kHz . With this specific 
tization can be seen in FIG . 2 directly from the profile of the provision of current , the result is a rotating external mag 
transverse magnetization . On account of loss of coherence netic field in the measurement volume that periodically 
owing to the diffusion , with each post - pulse oscillation the reverses its rotation direction . The frequency of the reversal 
amplitude of the observable superposed transverse magne - of direction of rotation is here given by the beat frequency , 
tization decreases . The envelope plotted in dashed lines 55 that is to say ( 50 kHz – 58 kHz ) / 2 = 4 kHz . 
shows the relaxation time caused by diffusion effects . The result of the focusing field is a macroscopic magne 

In addition , the profile of the superposed transverse mag - tization by aligning the magnetic moments of the individual 
netization 22 of a simulated ensemble of small magnetic iron particles . The magnetization of the free iron particles 
particles is shown , wherein the particles have a 20 % varia - relaxes within the set delay time . The macroscopic magne 
tion in their characteristics . In addition , a 20 % variation of 60 tization of the iron particles which are clustered together to 
the field strength inside the measurement volume is also form iron clusters persists on account of the slowed relax 
associated with the rotating external magnetic field . ation owing to the increasing size up to the switching - on of 

It becomes clear that the relaxation time of the second the rotating magnetic field . After the reading rotating exter 
particle ensemble is considerably shorter than for the first nal magnetic field is switched on , the magnetizations of the 
particle ensemble . In addition to diffusion effects , the varia - 65 individual iron clusters begin to rotate asynchronously . To 
tion of the particle characteristics and the field inhomoge - this end , the field strength of the rotating magnetic field is set 
neities result in a much quicker dephasing of the individual accordingly . 
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Owing to the mechanical and magnetic coupling of the 20 Transverse magnetization ( diffusion ) 
individual iron particles in the iron cluster , the superposed 22 Transverse magnetization ( inhomogeneities , particle 
transverse magnetization quickly decays once the external scattering ) 
rotating magnetic field is applied . The magnetic moments of 24 Field reversal 
the individual iron particles orient themselves increasingly 5 25 Echo signal 
randomly with respect to one another . The magnetizations of MFI , MFIII First magnetic field generator 
the iron clusters , which initially still rotate in phase , go out hich initially still rotate in phase , go out MFII Second magnetic field generator 
of phase . The echo signals of the profile of the superposed P1 - P4 Coils 
transverse magnetization 25 also decay quickly . The indi - t1 - 14 Times 
vidual peaks / maxima in the profile of the transverse mag - 10 x Transverse axis 
netization 25 reflect the echo frequency . The central asyn - y Transverse axis 
chronous rotation frequency is not resolved in this z Longitudinal axis 
illustration . The invention claimed is : 

It becomes clear that with the method described , a clus - 1 . A method for drawing conclusions relating to presence 
tering of the iron particles can be ascertained with impres - 15 of an analyte using an ensemble of small magnetic particles 
sive speed and reliability . A comparable signal results when configured for interaction with the analyte , the method 
the surfaces of the small magnetic particles are correspond comprising 
ingly prepared such that coupling to a specific partner , i . e . ( a ) aligning the magnetizations of the small magnetic 
the analyte under investigation , or a clustering occurs there particles with one another using an external magnetic 
with . 20 focusing field , 

FIG . 5 shows the profile of the superposed transverse ( b ) after step ( a ) , switching off the external magnetic 
magnetization , as was measured according to FIG . 4 , for two focusing field , 
different sample preparations . The sample observed is of ( c ) after step ( b ) , using an external rotating magnetic field 
small magnetite particles with a diameter of 100 nm in rotating about a longitudinal axis and having suitable 
water . The small magnetite particles have an anionic envel - 25 field strength and rotation frequency to set the magne 
opment and are suitable in particular for adsorption of tizations of the small magnetic particles into a rotation 
biomolecules . Such small particles are available for example which is asynchronous with the external rotating mag 
from Chemiezell GmbH under the brand name fluidMAG . netic field , 
These are superparamagnetic nanoparticles . ( d ) detecting a temporal profile of a rotating superposed 

In water , the anionic envelopment of the small particles 30 transverse magnetization of the ensemble of small 
results in no clustering taking place . To this extent , if the magnetic particles , wherein the rotating superposed 
superposed transverse magnetization is measured as transverse magnetization rotates in a projection into a 
described previously in connection with FIG . 4 , the macro plane perpendicular to the longitudinal axis , and 
scopic magnetization of said small particles , when the ( e ) drawing conclusions relating to the presence of the 
reading rotating external magnetic field is switched on , is 35 analyte from the temporal profile . 
already relaxed at approximately 2 . 5 ms . Accordingly , 2 . The method as claimed in claim 1 , wherein the tem 
according to FIG . 5a no signal of the superposed transverse poral profile is detected in step ( d ) after a specified delay 
magnetization can be observed . time after the external magnetic focusing field has been 

If cations are added to the water by adding a buffer switched off in step ( b ) . 
solution , the anionic small particles couple via these cations 40 3 . The method as claimed in claim 1 , wherein the tem 
from the solution to one another and form a particle cluster . poral profile is detected in step ( d ) only after a dead time 
The relaxation of the macroscopic magnetization of these after the external magnetic focusing field has been switched 
clusters is impaired owing to the size increase or owing to off in step ( b ) . 
a changed shape factor . When the reading rotating external 4 . The method as claimed in claim 1 , wherein step ( e ) 
magnetic field is applied , the result is a measurable super - 45 comprises : 
posed transverse magnetization . This can be seen clearly in ( el ) forming a time derivation from the temporal profile , 
FIG . 5 . On the basis of the illustration and of measurement 
artifacts , no echo fluctuation of the measurement signal is ( e2 ) drawing the conclusions relating to the presence of 
discernible . the analyte from the time derivation . 

FIGS . 5a and 5b strikingly show that the previously 50 5 . The method as claimed in claim 1 , wherein step ( c ) 
described method is able to detect the presence of an analyte further comprises reversing the direction of rotation of the 
quickly and with great accuracy . With corresponding prepa - external rotating magnetic field with an echo frequency . 
ration , the small particles can be used as probes for detecting 6 . The method as claimed in claim 1 , wherein the external 
the specific analyte . rotating magnetic field is generated in step ( c ) using two coil 

55 pairs or coil arrangements , which are perpendicular to each 
LIST OF REFERENCES other wherein the two coil pairs are driven using time 

varying phase differences . 
1 Apparatus 7 . The method as claimed in claim 1 , wherein the external 
2 Measurement volume magnetic focusing field is produced in step ( a ) as an external 
3 Sample 60 rotating magnetic field having a field strength greater than a 
5a , b First coil pair field strength of the external rotating magnetic field of step 
6a , b Second coil pair ( c ) . 
8 Measurement device 8 . The method as claimed in claim 7 , wherein step ( a ) 
9a , b Induction coils further comprises generating a refocusing field such that the 
10 Control apparatus 65 magnetizations of small magnetic particles of identical rota 
11 Switch element tion characteristics are selectively set into a synchronous 
12 Low pass filter rotation . 

and 
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9 . The method as claimed in claim 1 , wherein step ( e ) 
further comprises , on the basis of the temporal profile , 
drawing conclusions relating to concentration of the analyte . 

10 . The method as claimed in claim 1 , wherein step ( a ) 
further comprises adding functional groups , which bind to 5 
the analyte , to the small magnetic particles . 

11 . The method as claimed in claim 1 , wherein step ( e ) 
further comprises detecting physical and / or chemical envi 
ronmental parameters of the analyte . 

12 . The method as claimed in claim 1 , wherein , for phase 10 
encoding , step ( c ) further comprises producing a first mag 
netic gradient field for a predetermined time interval . 

13 . The method as claimed in claim 12 , wherein step ( c ) 
further comprises : 

switching off the first magnetic gradient field after a first 15 
instance of the predetermined time interval , and 

producing a second identical magnetic gradient field with 
the opposite sign for a second instance of the prede 
termined time interval , and wherein the temporal pro 
file is detected in step ( d ) after the second instance of 20 
the predetermined time interval . 

* * * * * 


